Abstract-A unique theoretical model of the breakdown mechanism in water has been developed and further tested in both simulation software and experimentation. The conducted experiments test the degree to which electrode material, surface roughness, and surface area impact the dielectric strength of water. Voltage pulses with respective rise times of roughly 200 and 20 ns were applied to a water test gap producing electric fields in excess of 1.5 MV/cm. In experiments testing various electrode materials, thin film coatings of various metallic alloys and oxides were applied to Bruce-profiled stainless steel electrodes, with an effective area of 5 cm 2 , through ion beam deposition. Similar Bruceprofiled stainless steel electrodes with surface roughness ranging from 0.26 to 1.96 µm and effective areas ranging from 0.5 to 75 cm 2 were used in the study of surface roughness and area. Additionally, shadowgraph images of a point plane geometry were taken to further understand the breakdown processes that occur.
The Impact of Field Enhancements and Charge Injection on the Pulsed Breakdown Strength of Water I. INTRODUCTION T HE USE OF water as a dielectric for high pulsed power applications is of considerable interest due to water's favorable physical and electrical properties [1] . In particular, the electrical breakdown characteristics of water are of significant importance when implementing a pulsed power system using a water dielectric. On any metal electrode, there exist asperities on the electrode's surface in the form of microprotrusions, at which enhancements of an otherwise uniform electric field, by a factor of β, are formed.
There are two leading theories about the general breakdown mechanisms in water, namely 1) charge injection at the electrode/water interface [2] and 2) electron impact ionization in a low-density region of the water, i.e., a bubble mechanism [3] . In the former, it is hypothesized that two mechanisms lead to the dielectric breakdown. In the first mechanism, Joshi et al. believe that there is a formation of electric field enhancements that are, in addition to those at the tips of microprotrusions, formed due to the collective orientation of the dipole water molecules at the water/electrode interface. The second mechanism is dictated by the surface electric field behavior and the subsequent injection of electrons at the interface that modulates the conductivity of the gap and leads to the eventual bulk breakdown.
In the latter theory, Jones and Kunhardt believe that initially, a bubble nucleates in the liquid near an asperity on the cathode whose density decreases with time due to continuous heating by field emission current. An electron avalanche is assumed to develop when the density reaches a critical value n c = 10 20 /cm 3 (electrons are localized in water at higher densities). Additionally, they believe that the growth of the avalanche is retarded when the space-charge-generated fields are on the order of the external field. Electrons continuously heat the liquid directly in front of the avalanche, thereby lowering the density below n c . New avalanches can subsequently form in this region. The power input to the liquid by the electrons at the front depends on the resistance of the trailing ionized channel. The resistance of this channel must be sufficiently low to permit the energy flow from the electrode to heat the liquid at the front. This cycle of heating, density lowering, and avalanche growth and retardation propagates the ionization front across the gap [3] .
II. CHARGE INJECTION MODEL
Both theories mentioned in Section I are heavily dependent on the magnitude of the field enhancements present on the surface and the subsequent steady-state current density that flows into the dielectric via the Fowler-Nordheim field emission given by [4] 
where φ is the metallic work function in electron volts, E is the electric field in volts per meter, and
In addition to the β factor of a potential emitter, it should be noticed from (1) and (2) that the work function of the metal used to make the electrodes also impacts the amount of current density that flows into the dielectric. In the first model, an increase in current density would result in the gap becoming more quickly modulated, thereby making it more susceptible to a faster bulk breakdown. In the second model, an increase in current density would increase the probability of a bubble forming, thereby initiating the breakdown process.
Since the mobility of electrons in water is quite low, i.e., 2 × 10 −7 m 2 /V · s [5] , it takes a substantial amount of time for the electrons that are emitted into the gap to drift. It is assumed here that the electrons emitted are initially collected in a spherical volume in front of the tip from which they were emitted. If the magnitude of the current density, and consequently the electron density, is large enough, then the space charge electric field developed from the presence of electrons around the tip becomes on the order of the applied electric field. At this point, the space charge shields or grades the electric field at the tip, lowering the future emitted current density. The density of electrons collected around the tip can be calculated from the current density using [5] , [6] 
where q is the electron charge (1.602 × 10 −19 C), β is the electric field enhancement factor, and µ e is the electron mobility.
The electric field generated by the space charge can be calculated using
where V is the volume of the sphere in which the charge around the tip is contained, and r space_charge is the spherical radius. Fig. 1 compares the applied electric field to the electric field generated from the space charge, where each is a function of the β factor. In the plot, the applied electric field is 1.5 MV/cm, and copper electrodes, which have a lowered work function of 4.2 eV at this magnitude of applied electric field, have been used. Additionally, the tip radius and the resulting radius of the spherical volume of charge is 2.1 µm. In the figure, it should be noticed that if a β factor of roughly 30 is present, then the two electric fields are generally equal at approximately 45 MV/cm. The electron density n e that gives rise to this electric field is approximately 2.84 × 10 19 electrons/cm 3 . Since this is a space-charge-limited model, it not possible for spacecharge-generated electric fields to exceed that of the applied field in steady state, and thus, this situation is considered only hypothetically. Of course, it should be remembered that all of these critical values would change with a different β factor or if a different metal is used for the electrodes under the same applied fields.
In order to verify the impact this type of space-chargegenerated electric field has on the enhanced electric field at the tip of an emitter, electric field simulations were performed in Ansoft's Maxwell 3D. A copper tip with a radius of 2.1 µm has been simulated with an applied electric field of 1.5 MV/cm. The enhanced field at the tip is roughly 45 MV/cm, and thus, β is roughly equal to 30. The electron density contained within a spherical volume around the tip, seen outlined in black, was kept constant at 2.84 × 10 18.5 electrons/cm 3 , and the radius of the charged volume was varied from 0.84 to 2.10 µm with increments of 0.42 µm in order to view its effect on the electric field around the tip. The results are shown in Fig. 2 . In the simulation, the spherical charge volume is simulated as a charged volume of water. It should be noticed that the shielding of the tip begins to occur as the radius of the charge approaches 1.68 µm, and the shielding effect is increased further as the radius increases to 2.1 µm, where the electric field at the tip is reduced substantially to between 20 and 35 MV/cm. This indicates that it only requires electric fields created by the space charge that are within a significant percentage of the applied field, and not necessarily exactly equal to it, for significant grading of the tip field to occur.
In addition to the effect of electrode surface roughness and material, it has also been documented that liquid dielectrics experience a holdoff voltage that is inversely proportional to the area of the conducting electrodes [7] . This is believed to be the case since an increase in electrode surface area increases the total number of microprotrusions existing on the surface. This is contrary to a smaller surface area that has a smaller number of emitters on the surface. Since the breakdown event is initiated from a microprotrusion, there is an increased probability of a breakdown event initiating quicker on a larger surface.
Two sets of experiments have been performed to gain further insight into the impact of electrode surface roughness, material, and area on the dielectric strength of water. In the first set of tests, various sets of stainless steel electrodes, with varying surface roughnesses, ranging from 0.26 to 1.96 µm, and effective areas, ranging from 0.5 to 75 cm 2 , were tested. To get a better feel of the field enhancements present on each type of surface, digital interferometry has been used to create a real computer model of an electrode with each surface roughness. Each electrode model has been simulated under electric field stress using Ansoft's Maxwell 3D. In the second set of tests, ion beam deposition was performed to apply various thin film coatings of several metallic alloys and oxides to Bruce-profiled stainless steel electrodes with an effective area of 5 cm 2 . The coating thickness of each metallic alloy and oxide is roughly a few hundred nanometers. To minimize the gap capacitance of the large area electrodes, the first set of tests was tested across a water gap with a separation of 2 mm. The gap separation was reduced to 1 mm in the second set of tests. A description of both the water gap and the ion beam deposition setup will be discussed in the next section. Additionally, shadowgraph images of a point-plane geometry were taken to further understand the breakdown processes that occur.
III. EXPERIMENTAL SETUP

A. Water Test Gap
In all of the tests performed, the applied voltage pulse is supplied by a 32-stage Marx generator [8] capable of outputting a 200-ns rise time −700-kV pulse into a 20-Ω load. The achievable output energy is as high as 15 kJ. The Marx generator is output into a 40-ns 20-Ω oil-filled coaxial transmission line that normally serves as a pulse-forming line. Initially, the peaking gap located at the end of the transmission line was shorted, and the direct output from the Marx was applied to the gap. This helped reduce the capacitive coupling across the gap, especially for tests of varying electrode surface areas. The peaking gap at the end of the transmission line was later opened so that pulse widths of roughly 80 ns could be applied to tests involving a constant electrode surface area.
The coaxial test chamber is shown in Fig. 3 . The chamber, which has a diameter of 91 cm and a length of 25 cm, was filled with deionized water. In order to remove any bubbles from the water as well as the electrode surface, a rough vacuum was pulled at the top of the chamber.
The impedance of the water chamber is 20 Ω, matching it to the connecting transmission line. The water resistors on the cathode side of the gap are included to prevent voltage doubling at the gap, reduce the reflected voltage to the Marx generator, and minimize the E-field stress across the large Plexiglas interface.
The applied voltage is monitored via a capacitive probe located on the cathode side of the test gap. The current across the gap was monitored using a Pearson current monitor, model 110 A, placed around one of the water resistors on the anode side of the gap.
B. Ion Deposition
An ion beam sputter deposition setup, shown schematically in Fig. 4 , was constructed so that thin film coatings of higher and lower work function material could be deposited onto stainless steel electrodes that had already been machined. A 1-kW ion source [9] was used as the primary ion deposition source, while a smaller ion source with an operating range between 100 and 200 W was used to clean the electrode surface prior to deposition. Xenon was used as the neutral gas to run the sources in all of the layer applications. All of the ion deposition was performed in the Space Simulation Facility at Texas Tech University, where pressures of roughly 10 −6 torr were obtained. The electrodes were mounted from a vertically positioned motor so that the electrodes could be rotated from in line with the cleaning ion source to in line with the sputter target after the cleaning process was completed. The sputter target was positioned roughly 15 cm from the sputter ion source at a 45
• angle and roughly 10 cm from the cleaning ion source at a −45
• angle. The cathode used to neutralize the ion source is an SHC1000 Electron Source designed by Kaufman and Robinson Inc. [10] . It can provide an electron current of 8 A with a 1 sccm flow of Xenon and a keeper discharge of 1.5 A at 20 V. For these tests, the keeper discharge was set at 1 A at 60 V with 1 sccm flow of Xenon.
IV. SURFACE ROUGHNESS AND AREA TESTING
The first set of tests investigated the effect of both surface roughness and surface area on the pulsed breakdown strength of water. Six Bruce-profiled electrode sets were used with effective areas ranging from 0.38 to 76 cm 2 and were separated by a 2-mm water gap. To keep the capacitance of the gap comparable between electrode sets, the outer diameters of the electrodes were maintained at a constant 14.9 cm, while the slope of the Bruce profile was varied to obtain the desired effective flat area for each electrode. The Bruce profile was added to all of the stainless steel electrodes in order to maintain a uniform electric field across the gap's effective area and minimize any edge effects. Additionally, this profiling prevented the capacitance of the electrodes from changing linearly as a function of the effective area of the electrode. Fig. 5 shows the largest area and the smallest area electrodes used for the tests, and Table I lists the area specifications for all of the electrode sets. The capacitance values were calculated using Ansoft's Maxwell 3D simulation software.
Prior to every test, a different surface roughness was applied to each of the six electrode sets by mechanically sanding the surface with various grit aluminum oxide papers ranging from 36 grit up to 400 grit. A WYKO NT1100 Optical Profiler manufactured by Veeco Instruments was used to measure the roughness average of each finish prior to testing. The profiler is capable of recognizing sub-nanometer up to millimeter elevation changes. Ten random measurements, each measuring 1 mm by 1 mm area, were taken of each electrode. The software accompanying the profiler computed a roughness average of the surface contained within the measurement and provided a three-dimensional (3-D) contour mapping of the surface. The averages of the roughness averages and the average peak to valley distances for each finish were computed and can be found in Table II . Fig. 6 compares a surface contour image of an electrode sanded with a 36-grit paper to one sanded with a 400-grit paper.
As seen in Fig. 6 , there is a dramatic difference between the surface contours of the two electrodes. In order to measure an effective β factor of surfaces with different surface roughness averages, a subsection of one image taken from the interferometer of each surface was imported into TurboCAD, where solid models of the surface were generated and then exported into Ansoft's Maxwell 3D. Each subset is a square section with a length and width of 0.27 mm. The size of the model was reduced due to the computing power and time required to generate the surfaces from the large number of points that are recorded by the interferometer. An electric field of 1.5 MV/cm was applied. Fig. 7 compares the electric field magnitude plots obtained from each surface plotted along the same scale.
The motivation to investigate the magnitude of an effective β factor stemmed from earlier research performed by Farrall who documented, through computer simulation, that an effective β factor is formed across an electrode surface that has N emitters or microprotrusions on its surface and that as the electric field applied to the electrode is increased, the value of the effective β factor is decreased [11] . This is believed to occur because at larger electric fields, roughly 500 kV/cm, the field emission occurs primarily from the majority of microprotrusions on the surface that have a more average individual β factor rather than a select few that have a significantly larger individual β factor. This gives rise to an increased emitting surface area as well. The results obtained from simulations at higher electric field strengths show a nearly linear trend in the effective β factor measured on surfaces with five emitters ranging up to 200 emitters.
The results of the plots obtained from field simulations show a trend that is quite similar to that obtained by Farrall. First, it should be noticed that edge effects are present around the edge of all the surfaces. Attempts at shielding the edges were made; however, it resulted in overshielding of the whole surface. Therefore, the shielding was removed, and only data from points that are more than 0.25 mm in from the edges were used in the surface analysis. As the surface roughness is increased, the periodic grit of the sandpaper used to sand the surface becomes more evident. The resulting enhancements start to appear as peaked rows across the surface rather than as scattered individual emitters. As a result, there are a large number of locations on the rougher surfaces where low fields (β < 1) exist in the valleys created by the rougher sandpapers. When performing statistical analysis of the surfaces, the low fields in the rougher surface valleys tend to offset the large fields, which are close together and aligned in rows. Since the valleys are not present on the smoother surfaces, the field is still significantly enhanced but the peaks are almost all equal in size and equally distributed throughout the surface so the electric field across the surface appears more uniform. When the electric fields recorded at all of the points on each surface are averaged, the calculated average electric field across all of the different surfaces is nearly the same. In the analysis of the surfaces, the peak electric field recorded on each surface does decrease as the surface gets smoother from almost 29 MV/cm on a 36-grit surface (β = 19) down to 16 MV/cm on a 400-grit surface (β = 11). Of the more than 4000 points that make up the surface, there are 20 sites on the 36-grit surface that have β greater than 10 as opposed to only 7 on the 400-grit surface. There are almost 40 sites on the 36-grit surface that have field values less than the uniform field as opposed to only 4 on the 400-grit surface. This being the case, it is perhaps more important to look at the individual size, magnitude, and spacing of the emitters rather than the average electric field caused from the surface roughness. The more uniform nature of the smoother surfaces, despite the enhancement, should result in a higher holdoff strength than the more random and locally concentrated nature of the rougher surfaces. Since the work function of stainless steel is high, i.e., 5.05, the peak β values on these surfaces do not indicate that shielding has any part in the dielectric strength of these surfaces. The larger, and more concentrated, field enhancements present on the rougher surfaces increase the likelihood of a breakdown event initiating by either a bubble or electronic mechanism.
Each of the five roughnesses in Table II was applied to both electrodes in the six electrode sets and tested. Additional tests, which we will call the rough-smooth tests, were performed where the electrode placed on the cathode side of the gap had a 1.96 µm roughness average and the electrode placed on the anode side had a 0.26 µm roughness average. The opposite effect, where a rough electrode was placed on the anode side and a smooth electrode was placed on the cathode side, was also tested. These tests were performed to determine if there is a dominant surface roughness effect from one particular side of the gap. Ten test shots were taken in each set of tests, with the peaking gap shorted, and a statistical average of the results obtained was performed to minimize the effects of breakdown jitter. A review of the results will be discussed in the experimental results section.
V. ELECTRODE MATERIAL TESTING
Using the ion deposition setup discussed earlier, two electrodes, like the one shown in Fig. 8 , were coated with metallic and oxide layer surface that included copper, tungsten, and zinc oxide. Additionally, one set of stainless steel electrodes was treated only with an ion beam to determine any impact it would have on the surface condition as well as the overall breakdown strength in water. Each electrode used in the tests was initially sanded with a 1500-grit aluminum oxide sandpaper to attain a surface roughness average of roughly 100-200 nm and then cleaned with methanol and acetone. Prior to deposition, each electrode surface was cleaned using the cleaning ion source for roughly 15 min with a discharge voltage and current of roughly 225 V and 0.73 A, respectively. This was found to be vital to the success of the layer application. Table III details the ion beam discharge voltage, current, and duration of the layer application for each sputtered material.
As mentioned, one set of electrodes was conditioned with only an ion beam. Use of interferometry before and after the treatment found that the average roughness average and peak to valley differences were improved by roughly 5%-10%. Although this is not really a significant improvement, it is possible that a substantial number of the larger microprotrusions were removed or at least dulled. Fig. 9 displays the typical voltage and current waveforms obtained when pulse widths in the microsecond time regime were applied to both the large electrodes used in the area tests and the smaller electrodes used in the material tests. Fig. 10 displays a typical voltage and current waveform obtained when pulse widths in the nanosecond time regime were applied to the smaller area electrodes used in the material tests. In either case, voltage was measured using the capacitive probe, and current was taken from the Pearson current monitor around one of the anode resistors.
VI. EXPERIMENTAL RESULTS
A. Typical Voltage and Current Waveforms
In Fig. 9 , it is shown that starting at 175 ns, the Marx generator output is applied to the water gap. From the current probe, it can be seen that the water gap begins to charge, and the voltage rises until 425 ns, when bulk breakdown occurs. At this time, it can be seen that the current rises dramatically on the anode side of the gap.
In Fig. 10 , it is shown that starting at 10 ns, the pulse-forming line output is applied to the water gap. From the current probe, it can be seen that the water gap begins to charge, and the voltage rises until 50 ns, when bulk breakdown occurs. At this time, it can be seen that the current rises dramatically on the anode side of the gap. The ringing in the pulse is due to mismatches that occur at the peaking gap, the Plexiglas interface, and the water chamber. Breakdown strength is recorded as the maximum voltage obtained immediately prior to bulk breakdown.
B. Results of the Various Surface Areas and Roughnesses
To accurately measure the effect of electrode area, the displacement current measured at the anode must be taken into account. As the effective area of the electrodes is increased, the capacitive coupling across the gap increases, and therefore, a larger amount of current was measured at the anode resistors prior to breakdown. The peak voltage across the gap was recorded as the difference between the maximum value of the voltage measured by the capacitive probe at the cathode and the displacement voltage measured by the Pearson current monitor at the anode prior to breakdown. The average difference in voltage seen at the load preceding breakdown was 35 kV greater for the largest area electrode set than for the smallest area electrode set. Fig. 11 contains a plot of the holdoff electric fields versus area for the five different surface roughnesses tested. In this plot, two trends should be noticed. First, it can be seen in Fig. 11 that there is a decrease in the holdoff electric fields for each increasing surface roughness average. The largest change is observed between surfaces with roughness averages of 0.26 and 0.60 µm. Second, there is a gradual increase in the exponential area dependence term, seen in the figure caption, for each trendline as the surface roughness increases. The average voltage holdoff difference between the smoothest and roughest electrodes is roughly 175 kV/cm, and the area dependence term is increased by roughly 1.7 times. Since the data on the graph are quite cluttered as it is, error bars were not included; however, Table IV lists the standard deviation values of all of the data points plotted in Fig. 11 . The trends seen from the data correlate with the trends expected from the electric field simulations discussed earlier. As the surface roughness is increased, a greater probability of breakdown initiation is preset, resulting in a decreasing dielectric strength. This consequently impacts the number of microprotrusions present on each varying area, further increasing the probability of a breakdown event occurring on a larger surface area. Fig. 12 displays results obtained for the rough-smooth tests and Table V lists the standard deviations of the data. Compared with the results from Fig. 11 , there is again both a decrease in the holdoff electric field and an increase in the exponential area dependence as the surface roughness is increased on the cathode side of the gap. The smooth cathode-rough anode tests show both a decreased holdoff electric field and an increased exponential area dependency term from that obtained in the original smooth tests. The data appear to almost fit the trend obtained from the 100-grit surfaces. The data obtained from the rough cathode-smooth anode tests show an increased holdoff voltage and an increased exponential area dependency term from that obtained from the original rough tests. These results appear to almost mirror the data obtained from the 60-grit surfaces. All of the results, except for the increased area dependency on the rough cathode-smooth anode tests, not only indicate that the effect of surface condition is most dominant on the cathode but also show that the anode surface condition has a significant impact.
C. Results of the Various Electrode Materials
In these tests, since smaller overall area electrodes were used with a constant effective area, five test shots were taken with each electrode set, with the peaking gap both shorted and open, and a statistical average was again taken to minimize the breakdown jitter. The results of the tests conducted in the microsecond time regime are shown in Figs. 13 and 14 , where the holdoff voltage is plotted against the metallic work function and hardness. Although the main metallic property of interest is the work function, we attempted to find another important property that could possibly influence the breakdown voltage. One such property could be the hardness of the metal, and it was therefore chosen as the second dependent factor.
Looking at Figs. 13 and 14, a decreasing holdoff trend is strongly evident with increasing work function and less evident with hardness. It should also be noticed that the breakdown jitter was greatly reduced with the harder materials such as tungsten and zinc oxide, and almost unchanged from the bare stainless steel to the ion-treated stainless steel. A drop of almost 50 kV or 15% is recorded between the metal of least and greatest work function/hardness.
The results of the tests conducted in the nanosecond time regime are shown in Figs. 15 and 16 , where the holdoff voltages are again plotted against the metallic work function and hardness. From these plots, it is again noticed that the holdoff voltage is reduced as the work function and hardness are increased. A drop of almost 80 kV or 10% is recorded between the metal of least and greatest work function/hardness. The standard deviation for tungsten is again the lowest; however, that of zinc oxide has increased quite significantly, and this is believed to be due to the increased applied electric field at these shorter pulse lengths as opposed to that applied with the larger pulse lengths.
Since each of the electrodes that were used had a similarly smooth surface roughness, it is believed that the variation in the dielectric strength was dominated by the changing work function of the metal. As the work function is reduced, a larger current density is emitted from the scattered potential emitters, increasing the probability shielding in front of the surface occurring. Although it was not tested here, it is believed that the drastic difference in the holdoff strength would be reduced substantially if electrodes with a very rough surface and varying material had been tested.
It should be mentioned that after each test, the electrodes were examined, and that five distinct pit marks were examined on the effective area of the each electrode. This ensured that the sputtered material was responsible for the breakdown event, and that it was not exposed stainless steel from a previous shot.
D. Shadowgraph Imaging
In an effort to determine whether a bubble is formed, shadowgraph images were taken. Two setups were used, namely 1) anode plane-cathode point and 2) anode point-cathode plane, with a point diameter of 1.5 mm, height of 4 mm, and a gap separation of roughly 1 cm. The images of the point-plane setups are shown in Figs. 17 and 18 . The images were captured at various times, each from a different breakdown event, prior to bulk breakdown. Temporal development was obtained by varying the gate delay time on the ICCD camera. On each, the gate exposure time was set at 20 ns. It should also be mentioned that these images were taken with the direct output of the Marx generator applied, producing electric fields of roughly 1.5 MV/cm. The primary difference in the cathode point and anode point images is the noticeable shadow on the cathode point tip and the absence of any shadow on the anode point tip. This shadow hints at density changes in the water, believed to be a result of charge injection from the cathode, and may possibly be the formation of a bubble; however, it cannot be conclusively determined. The lack of a density change around the anode point hints at more of an electronic mechanism when positive polarities are applied. The fact that no shadowing appears with an anode point indicates that the refractive index change is not caused by the Kerr effect in the water.
VII. SUMMARY AND CONCLUSION
This paper has presented a new insight into the mechanisms that lead to the bulk breakdown of water dielectrics. In the theory presented here, the emission of charge from the tips of microprotrusions on the electrode surface results in the shielding or grading of the electric field at the tip from which it was emitted, i.e., when the space charge formed by the charge is on the order of the applied electric field. This decrease in electric field results in the increased dielectric strength of the water dielectric. The shielding phenomena were presented early in this paper as one that occurs in front of an individual emitter, but as seen from the results, where various electrode materials were tested, it is more than likely one that occurs across an entire surface, making its effect more profound. Its effect becomes most evident when electrodes that have a lower metallic work function and a generally smoother surface are used, since the potential for extremely high and interacting field enhancements is lower on the smoother surfaces. In the experimental results discussed, we have shown that the electrode surface material, roughness, and area all have a profound impact on the holdoff strength of water. It has been shown that there is an increase in the area dependency term when the surface roughness of the electrodes is increased. A polarity effect has also shown that the surface condition of the cathode has a more dramatic effect than that of the anode. Material tests have shown that there is a decrease in the dielectric holdoff strength of water when the work function of the electrode material is increased. Shadowgraph images have shown a density change around the tip of a sharp cathode as an electric field is applied; however, the change in density is absent in the case of a sharp anode hinting at a bubble mechanism in negative polarity breakdowns and an electronic mechanism in positive polarity breakdowns.
